Abstract. In order to obtain accurate position of the inner key components in the experimental advanced superconducting tokamak (EAST), a combined optical measurement method which is comprised of a laser tracker (LT) and articulated coordinate measuring machine (CMM) has been brought forward. LT, which is an optical measurement instrument and has a large measurement range and high accuracy, is employed for establishing the precision measurement network of EAST, and the articulated CMM is also employed for measuring the inner key components of EAST. The measurement uncertainty analyzed by the Unified Spatial Metrology Network (USMN) is 0.20 mm at a confidence probability of 95.44%. The proposed technology is appropriate for the inspection of the reconstruction of the EAST.
Introduction
With the rapid development of advanced manufacturing and assembly technologies, spatial large-scale coordinate measurement technology plays an increasingly important role in the geometric measurement to support the assembly of large components in the production of aircraft, shipbuilding, and other large machine tools. 1 At present, the experimental advanced superconducting tokamak (EAST) is a large superconducting tokamak fusion device, which has complicated structures and highly accurate assembly requirements. 2 EAST is divided into the outside and inside of the vacuum chamber by a wall. In the past, the assembly job of the outside key components of the vacuum chamber was accomplished by using a total station and digital level. [3] [4] [5] [6] [7] However, a total station or digital level cannot measure the components in the vacuum chamber because the light-of-sight would be blocked by the walls. The assembly processes of the inner key components of EAST is normally inspected by the measurement template. The existing measurement method using the template has low accuracy and low-efficiency, which cannot satisfy the assembly accuracy requirement in the reconstruction process of EAST.
The precision measurement network is usually established by using high efficiency and high precision instruments. The laser tracker (LT) which has a large measuring range, high precision, high efficiency, etc., is one of the most efficient large scale measuring instruments. It is widely used in measurement jobs of large-scale artifacts. In recent years, a multistation method was proposed based on the highly accurate measuring distance-to-calibration machine tool, 8 articulated CMM 9,10 or on establish the high precision measuring network. [11] [12] [13] However, a multistation method also cannot measure the hidden components of a large-scale and complicated structural device. To solve the measurement problem of a large-scale and complicated structural device, which cannot be achieved by a single instrument, Tong et al. 14 and Gu et al. 15 had proposed an LT combined with an articulated CMM. But they did not evaluate the measurement uncertainty of the measurement system. The measurement uncertainty of the precision measurement network is one of the most important indices used to evaluate its quality based on the multistation method. Estler et al. 16 introduced a direct estimate of the uncertainty of the base points only expressed by the residuals of the length. This method, however, does not provide a clear definition of the uncertainty of the measured point itself. To solve this difficulty, an approach 17 which calculates the measurement uncertainty of the base point based on multistation is adopted in this paper.
According to the characteristics of EAST, an external precision measurement network is established by using the multistation method and the inner network is established based on the best-fit transformation method. Meanwhile, the measurement uncertainties of the external precision measurement network can be analyzed by the method proposed by Zhang. The measurement uncertainties of the overall precision measurement network are evaluated by the Unified Metrology Spatial Network (UMSN) module of spatial analyzer (SA) software. Finally, the inspection tasks of the key components assembly are finished by using the inner precision measurement network to position the articulated CMM.
Principles of Precise Measurement
Network of EAST
Theoretical Principles of Multistation
LT is made up of two angle measurement systems and one highly accurate measurement distance system. The principle of multistation is shown in Fig. 1 .
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Four stations (LT) ðx i ; y i ; z i Þði ¼ 1; 2; · · · ; 4Þ are located at the world coordinate, and l ij ði ¼ 1; 2; · · · ; 4; j ¼ 1; 2; · · · ; nÞ indicates the distances between LT, i, and the retroreflector jðx j ; y j ; z j Þ. Equation (1) is established by the distance formula of two points based on the characteristics of the highly accurate measuring distance of LT. 8 > > > > < > > > > :
The objective, Eq. (2), is established by Eq. (1):
where f i ðx i ;y i ;z i ;x j ;y j ;z j Þ ¼
To reduce the number of unknown parameters, the origin of LT1 (0, 0, 0) is supposed to be the origin of the world coordinate. LT2 ðx 2 ; 0; 0Þ is on the X axis. LT3 ðx 3 ; y 3 ; 0Þ is located at the x-y plane. LT4 is at the space. Suppose that these unknown parameters are indicated by b whose corresponding element is represented by b k ðk ¼ 1; 2; · · · ; mÞ; m ¼ 6 þ 3i. To solve the above unknown parameters, the calculation method as follows:
Step 1 The initial value of b is b ð0Þ ¼ ðb Step 2 Jacobian matrix A: Step 5 If kΔ ðflagÞ k < ε, the vector of the unknown parameters b is viewed as the optimal estimated vector, else flag ¼ flag þ 1, go to Step 2.
Finally, the vector b can be identified by the GaussNewton iterative algorithm.
Measurement Uncertainty Evaluation of the Multistation Method
According to the error theory, the error of least squares method of Eq. (1) can be expressed as Eq. (4):
where X ¼ ½ x j y j z j T indicates the vector of the measured base point j; CovðXÞ is the covariance matrix of X; CovðLÞ is the covariance matrix of the distance l ji ði ¼ 1; 2; · · · ; 4Þ; σ l is the standard deviation of the measuring length of LT; and A is the Jacobian matrix of Eq. (1). Equation (4) is rewritten as Eq. (5):
where
The three components of the standard deviation of the measured base point j are expressed as Eq. (6):
The measuring standard deviation of the measured base point j is calculated by using Eq. (6):
3 Establishment of Precision Measurement Network The EAST device, is divided into outside and inside the vacuum chamber by its walls, is shown in Fig. 2 . Based on the structural characteristics of EAST, a precision measurement network, which consists of the external and inner precision measurement networks, is established to ensure the consistency of the assembled base of all components.
External Precision Measurement Network
The thickness of the walls of the hall is 1.5 m, and the walls of the hall can be used as the fixed base of the base point. First, four fixed base points are placed against each wall for establishing the coordinate system of EAST in the hall. Second, 30 base points are evenly distributed at each wall for facilitating the establishment of an inner precision measurement network through the opening windows of EAST in the reconstruction process. Combined with the distributions of EAST devices in the hall, the external precision measurement network is established by moving LT for four different positions. The distributed positions of the external base points and LTs are shown in Fig. 3 . Fig. 1 Principle of the multistation.
Establishment of the Inner Precision Measurement Network and Relocation of Articulated CMM
Based on the inner structure of EAST, four base points which are individually fixed at the corresponding vacuum chamber wall and the neck of each window of the vacuum chamber are shown in Fig. 4 . These points are evenly fastened at the Vacuum Chamber wall and neck of each window.
To accomplish the inspection tasks of the key components of the vacuum chamber, LT, which is installed at the visible window of the vacuum chamber, is located at the world coordinate through measuring the base points of the external precision measuring network and using the best-fit transformation. Likewise, the articulated CMM is relocated in the vacuum chamber through the inner precision measurement network. The establishment of the inner precision measurement network and the relocation of the articulated CMM are shown in Fig. 5 .
Measurement Uncertainties Analysis of
Precision Measurement Network Usually, the measured results contain some uncertainty factors because of the influences of the measurement environment, instrument errors, operators, etc. It is known that the measurement uncertainty is viewed as one of the most important indices for evaluating the quality of a precision measurement network. In this paper, the measurement uncertainties of the external precision measurement network are calculated by Eq. (7), and the measurement uncertainties of the overall precision measuring network are analyzed by the USMN module of SA at a confidence probability of 95.44%. The analysis results of the measurement uncertainties of the precision measurement network are shown in Fig. 6 . Figure 6 shows that measurement uncertainty of the single point of the precision measurement network is 0.20 mm, where the component U z is considered as the main factor. The established precision measurement network can satisfy the assembly requirements AE0.5 mm at a measurement uncertainty lower than 25% of the assembly tolerance. 5 Inspection of the External Guideway Assembly of Vacuum Chamber The assembly position of the external guideway is shown in Fig. 5 and its assembly requirement is 0.20 mm for both the height and the radius. The inspection process of the external guideway assembly is shown in Fig. 7 . The assembly errors of the external guideway inspected by the articulated CMM are shown in Fig. 8 . Figure 8 shows that the assembly errors between the measured values and the nominal values are mainly distributed in [−0.15; 0.15](mm). The assembly errors of the external guideway can be satisfied with its assembly requirements.
Conclusions
This paper proposes a precision measurement network for EAST based on multistation and best-fit transformation methods. The measurement uncertainty, which is evaluated by the USMN module of SA, is 0.20 mm at a confidence probability of 95.44%. The established precision measuring network could satisfy the assembly requirement, which is AE0.5 mm, and the measurement uncertainty is lower than 25% of the assembly tolerance. The combination of LT and articulated CMM successfully finishes the inspection task of the external guideway assembly. The assembly errors of the external guideway are mainly distributed in [−0.15; 0.15] mm and can satisfy its assembly requirements. These results indicate that the proposed method is appropriate for the reconstruction of EAST. 
